Abstract. Spatial variations of vertical turbulent mixing along a stretch of the Hudson River estuary are examined with focus on the vicinity of a "hydraulic control point" at the George Washington Bridge, where the cross section narrows and the thalweg takes a bend. Richardson numbers are lowered and mixing is enhanced downstream of this "modest" morphological feature, qualitatively following predictions based on hydraulic theory by Chant and Wilson (2000) . The enhancement in the viscous dissipation rate, ε, is only a modest factor of 2-3, however, extending over ∼ 2 km along the river. Upon averaging over tidal and fortnightly cycles and multiple cruises, streamwise variations of ε along the probed ∼ 15 km stretch of the estuary are surprisingly small given that individual depth-averages of ε across the halocline vary by over 3 orders of magnitude. The principal result is that the observed part of the Hudson River showed strong broadly distributed mixing everywhere with little local concentration.
Introduction
The beginnings of estuarine theory in the 1950s encompass concepts of hydraulic control in two-layer flow Farmer, 1952, 1953) as well as concepts of spatially distributed mixing with a viscous-advectivediffusive balance (VAD) in continuously stratified flows (e.g., Pritchard, 1952 Pritchard, , 1954 Pritchard, , 1956 Rattray and Hansen, 1962; Hansen and Rattray,1965) . These two approaches are not necessarily mutually exclusive considering that Stommel and Farmer (1953) assumed a "control" at the mouth of estuaries with various degrees of unspecified mixing well inside of that mouth. Pritchard (1952 etc.) and Rattray and Hansen (1962) , in contrast, were concerned with exactly the latter, flow dynamics related to mixing within the estuary, especially within the "central regime" of the salt intrusion.
Conceptually, hydraulics and VAD are incompatible, hydraulic theory being nonlinear, inviscid and nonmixing, and VAD theories neglecting nonlinearity. Recently, however, Winters and Seim (2000) and Hogg et al. (2001) have shown how the real world falls into the continuum between pure hydraulics and pure VAD concepts, how mixing modifies processes near hydraulic controls, and how, for example in the Strait of Gibraltar mixed waters carry a substantial part of the total transport. And, in some contradiction to the basic tenets of hydraulics, the vicinity of hydraulic control points has long since been probed for locally enhanced mixing. One prominent example is Wesson and Gregg's (1994) field experiment in the Strait of Gibraltar. Hydraulic jumps are often assumed to be associated with intense mixing. However, less violent aspects of hydraulics may also lead to enhanced mixing as argued by Chant and Wilson (2000) for the case of the Hudson River. They show that, downstream of a constriction at the George Washington Bridge in New York City, the vertical structure of the flow should, and indeed does, change in response to hydraulic constraints such that gradient Richardson numbers are lowered on average. Their conclusion that turbulent mixing should be enhanced at this location is examined herein.
In a series of field experiments in the Hudson River estuary in 1994-95 VAD-type concepts were probed for their realism in analyzes of integral momentum and mass budgets (Geyer et al., 2000) , of near-bottom turbulence (Trowbridge et al., 1999) , and mixing across the halocline (Peters and Bokhorst, 2000, 2001) . The observations were carried out in a fairly straight and uniform section of the estuary in a deliberate effort to avoid complications associated with bathymetric variations. The study demonstrated vigorous mixing related to the tidal stirring outside of morphologically variable areas. Other "partially mixed" estuaries, the Fraser River of British Columbia (Geyer and Smith, 1987) and Suisun Cutoff of San Francisco Bay (Stacey et al. (1999) also show broadly distributed mixing unrelated to bathymetrical features.
Considering such spatially distributed mixing on the one hand, and, on the other hand, that natural estuaries inevitably contain morphological features favorable to hydraulic control processes and other highly nonlinear flow phenomena, one may ask how locally concentrated or spatially distributed vertical mixing is in estuarine flow. Naturally, the answer is different for each estuary. Puget Sound in the State of Washington, for example, a morphologically complex fjord, displays weak mixing in its deep basins, energetic mixing in its hydraulically controlled entrance, and a complete turning over of the stratification by transverse flows at the Tacoma Narrows during some tidal phases Gregg (1994, 1997) .
This paper is concerned with a morphologically and dynamically less complex and less dramatic setting, a part of the Hudson River which for the most part has a fairly uniform channel with embedded "modest" bathymetric variations. The papers addresses the question how much locally enhanced mixing, related to bathymetric features, contributes to the overall spatially averaged mixing.
The Hudson River is usually classified as a "partially mixed" estuary although instantaneous conditions vary from that of a salt wedge to well-mixed. Further characteristics of flow, stratification and mixing have been presented, e.g., by Peters (1999) . A field experiment in the lower Hudson of May 2001 was specifically designed to investigate the question of broadly distributed versus locally enhanced mixing. These new observations are analyzed herein together with the measurements in the same general area from 1994-95 which extensively cover tidal, fortnightly and longer-term temporal variations of mixing. The 1994/95 microstructure observations have been analyzed by Peters (1997 Peters ( , 1999 and Peters and Bokhorst (2000, 2001) , papers henceforth referred to as P97, P99, PB00, and PB01, respectively. Considering the pronounced tidal and fortnightly time variations of flow and mixing in tidal estuaries laid out in the above-referenced papers, the 2001 and 1994-95 together are probably the only current set of estuarine observations extensive enough to allow addressing the topic of spatial variability of turbulent mixing.
After outlining the 2001 measurements, their environmental conditions and the bottom topography in the following section, the basic result of this study, the along-estuary average dissipation rate, is presented in Section 3. The subsequent section probes how representative and significant that average is. A feature of enhanced mixing related to channel morphology is discussed in Section 5, which is followed by summary and conclusions.
Observations a. Measurements, Instrumentation
Turbulent mixing, stratification and tidal flow were observed from the R/V "Lionel A. Walford" from May 17 to May 24, 2001 , with initial tests on May 16. May 17, 2001 , is yearday 137. A little over 900 "drops" with the Shallow Water Microstructure Profiler ("SWAMP," P97) were taken from below the North River Sewage Treatment Plant (NRSTP) in Manhattan to Yonkers (Figure 1a ). The microstructure profiling was accompanied by acoustic Doppler current profiling (ADCP). The measurements were concentrated around the George Washington Bridge (GWB) because of prominent bathymetric variations in its vicinity (Figure 2) . Extensions of the work farther upstream toward Yonkers undertaken on May 23-24 accompanied a dye release study by Drs. Chant, Geyer and Houghton, a connection that will not be pursued herein.
In addition to the new May 2001 observations similar microstructure / ADCP measurements from 1994/95 are also utilized herein. As outlined in P99, over 6000 microstructure drops were taken mostly in a 4-km stretch off Manhattan south of the NRSTP with one section extending to north of the GWB (Figure 1b) .
The loosely tethered profiler SWAMP has a full SeaBird conductivity -temperature -depth (CTD) package in addition to two shear probes measuring velocity microstructure, a fast FP07 thermistor and a SeaBird dual-needle conductivity cell, measuring temperature and conductivity microstructure, respectively. The reduction and evaluation of the data is explained in P97 and PB00. The CTD sensors provide profiles of temperature (T ), salinity (S), potential density (σ θ ) and buoyancy frequency (N ). The primary microstructure variable is the viscous dissipation rate (ε). The micro-conductivity (C) can be evaluated in terms of turbulent overturning scales (Thorpe, 1977) , an approach not utilized herein.
The ADCP measurements add the horizontal velocity vector (u, v) (Figure 4c ). The maximum tidal amplitude was smaller than during some of the earlier cruises when maximum tidal amplitudes approached 1 m (P99). As explained in PB00 the water level measured at the Battery at the southern tip of Manhattan is interpreted in terms of slowly varying amplitude (ζ SD ) and phase (Φ SD ) by means of a complex demodulation that passes both the M2 and S2 tidal constituents. The low-passed water level at the Battery was relatively constant during the observations, indicating an absence of major external forcing of the estuary by water level fluctuations in New York Bight. Such forcing can be important (PB00).
Figure 4d-f displays atmospheric conditions measured at Sandy Hook, New Jersey, about 40 km south of the observational area and on the shore of the Atlantic Ocean. Two low pressure systems passed through during the experiment as shown in the record of atmospheric pressure (p a ), the first one being associated with fairly strong wind speeds (V a ) of 8 m s −1 with stronger gusts. Otherwise wind speeds were moderate at a typical 5 m s −1 . The measurements are only loosely indicative of winds over the Hudson River (i) because the cliffs, hills and highrise buildings along the river tend to strongly funnel the wind, and (ii) because inland winds tend to be more moderate than winds right at the coast. Unfortunately we were unable to measure wind speeds on the "Walford," but visually conditions during the experiment mostly varied from fairly calm to dead flat. Measured turbulent dissipation rates near the surface do reflect the stirring by the surface wind stress of course. However, this is a minor effect for the purposes of this paper because of the modest to weak winds and because observations from the upper few meters below the surface are not used herein. PB00 argue why the action of the surface wind stress on the estuarine water column can usually be neglected.
At the beginning and throughout the first half of the cruise the river flow at Green Island, 245 km up- This paper explores flow processes related to variations in the channel morphology, and thus the bathymetry of the observational area needs to be explained. Depth contours and the channel cross section are depicted in Figure 2 in Cartesian coordinates that originate at 40
• 45 N, 74
• W and are rotated 30
• clockwise to follow the general channel direction. Thus y is the streamwise coordinate, and x is in the spanwise direction. Typical channel depths are 15 m with maxima near 20 m just south of the George Washington Bridge (GWB) and the North River Sewage Treatment Plant (NRSTP). The width between the 10-m isobaths varies from 0.4 km to 1.3 km. The cross section, A, is computed as integral of the water depth in the x-direction for simplicity. While maxima of A reach 14 × 10 3 m 2 , constrictions with A ≈ 10 × 10 3 m 2 are located at the GWB (y = 12 km, latitude 40.75
• ) and at the NRSTP (y = 9 km, latitude 40.825
• ). While the latter feature is minor, A expands by 35% in less than 1 km along the river going south from the GWB. In this stretch the thalweg turns significantly, giving rise to transverse flow as discussed by Chant and Wilson (1997) .
Figure 2 displays a different source of bathymetric data north of y=16.2 km than south of it, with different processing leading to jumps in isobaths and A(y). When comparing depths in Figure 2 with actual depths found during the measurements it has to be kept in mind that reference in the charts is mean lower low water, 0.76 m below the mean tidal level at the Battery (source: NOAA/NOS 1 ). The actual cross section of the river is thus larger than shown in Figure 2a ,c by up to about 2000 m 2 depending on location and tide. The cross section was determined along the x-axis of the rotated coordinates, not perpendicular to the river axis. The limited accuracy of A(y) is of no consequence for this study.
1 See http://co-ops.nos.noaa.gov/benchmarks/8518750.html.
Streamwise Average of ε
It is rather straightforward to compute average dissipation rates along the Hudson River from the combined 2001 and 1994-95 observations. Thereafter, considerable effort is needed to examine the statistical significance of this average. We begin with simply presenting the data. Figure 5 depicts the mean of ε in bins of latitude along with their confidence bounds as well as individual drop data of ε. The figure further depicts the buoyancy Reynolds number as an alternative, nondimensional measure of mixing. With the kinematic viscosity ν, the buoyancy Reynolds number is Re b = ε ν N 2 −1 . See, e.g., Peters et al. (1995) for a discussion of Re b . The drop data are averages from a normalized depth range of 0.45 ≤ z/H ≤ 0.75, where z is height above bottom and H is the local water depth. At a typical water depth of 15 m, this corresponds to a range from 6.75 m above the bottom to 3.75 m below the surface. This range mostly excludes the bottom and surface boundary layers (see also P99) and includes the estuarine halocline such that we refer to these data as "halocline averages." The halocline averages are further averaged in latitude bins with confidence bounds found from bootstrapping ( Efron and Gong, 1983) .
In the river section with good data coverage, latitudes from 40.78
• N to 40.875
• N, average ε varied surprisingly little between 4 × 10 −6 and 1.5 × 10 −5 W kg −1
( Figure 5a ). Further north, with sparse data coverage, the observed ε decreased to slightly below 10 −6 W kg −1 . Bootstrap confidence bounds are tight, at most a factor of 2, and often much smaller. This has to be viewed on the background of individual drop halocline average ε spanning 3-4 decades of variability. The maximum average ε occurred at latitudes 40.82
• N-40.845
• N south of the George Washington Bridge. This maximum is significant with respect to the confidence bounds depicted in Figure 5a .
In comparison with ε the buoyancy Reynolds number shows an even wider distribution of halocline averages and highly variable latitude bin averages in which many extrema are not statistically significant as judged by the bootstrap confidence bounds. Mean Re b range from about 10 3 to 10 5 indicating vigorous mixing. Nevertheless, individual halocline Re b were sometimes as small as 10-30, indicating an absence of "active" mixing (Stillinger et al., 1983; Rohr and Van Atta, 1987) .
On a pragmatic level, variations in Re b = ε/ νN 2 are roughly indicative of variations in the eddy diffusivity, does the mixing efficiency Γ = Γ(Ri) as long as Ri does not become too small (PB01). In a similar pragmatic vein, following PB01 variations in ε are roughly indicative of variations in the vertical turbulent salt flux, J S = 10 −3 ρK ρ ∂S/∂z, where S is the practical salinity. Hence, Figure 5 indicates much larger variations in K ρ than in J S as a consequence of large variability in N 2 . In the remainder of the paper we focus entirely on ε.
The wide distribution of halocline average ε and Re b are predominantly due to tidal variability and, to a lesser degree, to fortnightly and longer term variability as shown in P99. It is important for the following that variations of ε in the 1994/95 observations proved to be rather repeatable across tidal and fortnightly cycles (P99). Herein it is attempted to detect average spatial variations of variables with very large temporal variability. Local averages of ε and Re b can thus easily be biased if they are formed from data distributed unevenly across the tidal and fortnightly cycles. Hence, the next step in the analysis is an examination of the distribution of the data.
Data Distribution a. Semidiurnal Tidal and Fortnightly Cycle
In Figure 5 , stretches along the river are labeled "1" for the area covered extensively in 1994/95 and "3" for the area of focus in 2001. Area "2" in between had sparser coverage than either area 1 or area 3. The data coverage is shown in more detail in Figure 6 which depicts the data distribution as function of latitude, i.e. of distance along the river, and of time for the 2001 data, and additionally as function of semidiurnal tidal phase for all data. The semidiurnal tidal cycle was covered very well in area 1, fairly well in area 3, and not very well in area 2, which had an absence of measurements during late flood and early ebb. The area north of area 3 shows sparse data taken only during late flood and early ebb. The most northerly excursions in Figure 5 correspond to slack tides with weak mixing, hence to a low bias in ε. The observations from north of area 3 were taken for a purpose other than detecting spatial variations of mixing as briefly indicated above. Data from north of latitude 40.875 • N are ignored in the remainder of this paper.
The distribution of the data within the semidiurnal tidal cycle and within the fortnightly cycle is made quantitative in Figure 7 . The distribution of drops as function of Φ SD in areas 1-3 is further subdivided into bins of the semidiurnal tidal amplitude at the Battery, ζ SD . (Note that ζ SD in May 2001 is displayed in Figure  4c .) The overall data distribution as function of ζ SD in areas 1-3 is also shown (Figure 7d ). The semidiurnal tidal cycle was evenly covered in area 1 while there was a bias toward late ebb and early flood in area 2 and, to a lesser degree in area 3. Only area 1 had simultaneously even coverage across both Φ SD and ζ SD .
b. Lateral Variations
After providing an overview of the temporal data distribution, the problem of variations across the river axis, our x-coordinate, needs to be addressed. Most of the microstructure drops were taken from drifting vessels with limited control over the drift. Correspondingly, no deliberate attempt was made to observe mixing as function of the across-river distance. Rather, the strategy was to keep the vessels somewhat close to the thalweg and to restrict drops to depths greater than 10-12 m. With the quasi-free fall SWAMP profiler, usable microstructure data are obtained downward from about 3-3.5 m depth. The method is unsuitable for shallow areas.
The extensive 1994/95 data provide good coverage across the ∼500 m wide deep channel in area 1 (see Fig-. . ures 1 and 6b). Figure 8d demonstrates that the grand average of halocline averages of ε was almost constant as function of x. Note that ε is displayed on a linear scale. The underlying drops were most often taken near the thalweg, and the number of drops tapered off toward the shallower areas on either side of the river. The mean depth shown in Figure 8b is the average of all water depths at the time and place of drops taken, and is thus not the true mean depth. However, the asymmetric shape of the river bed is a true feature as seen by comparison with Figure 2d . The absence of systematic lateral variations of ε in the 1994/95 observations is taken as a justification of ignoring the x-location of drops in the entire 2001-94/95 data set. This approach is subject to the caveats that shallow areas are not covered and that substantial lateral flow occurs just south of the George Washington Bridge (Chant and Wilson, 1997) .
Enhanced Mixing Seaward of a Constriction
The streamwise average of ε depicted in Figure 5b lacks features other than a modest maximum south of the George Washington Bridge. Such enhanced mixing having been predicted by Chant and Wilson (2000) and related to hydraulically induced variations of the vertical flow structure, we proceed to examine if the observed maximum in ε is significant in relation to systematic temporal, tidal and fortnightly, variability. a. Statistical Significance Figure 9 depicts the maximum of average ε in the context of the streamwise variations of cross section. The straight average of ε in bins of latitude shows an enhancement by a factor of about 3 south of the constriction relative to values at and north of the constriction, the minimum in A. The bootstrap confidence bounds of the straight average indicates that the maximum in ε is statistically significant. These statements have to be taken with a measure of caution, however, because of the bias in the data distribution with respect to the semidiurnal tidal and fortnightly cycles. Specifically, the cause of concern is the tidally uneven distribution of data in area 2 (Figure 7b ) which, with a northern boundary at 40.835 • N extends into the area of elevated ε (Figure 9c) .
However, the data distribution is biased toward late ebb and early flood, while ebb is the tidal phase for which Chant and Wilson (2000) predicted enhanced mixing. Thus one might expect the maximum in ε from the straight average to be exaggerated. In order to fur- ther test this idea, the data are re-stratified into two areas north (upstream) and south (downstream) of the constriction, corresponding to regions β and α in Figure  9 , respectively. The data are further re-stratified into four parts of the tidal cycle, late flood, early ebb, late ebb, and early flood. The corresponding averages all show enhanced mixing south of the constriction except for early flood. The latter is labeled "4" in Figure 9c , while the other tidal phase are marked "1-3." These averages by tidal phase can be averaged again, resulting in different weights of individual data than in the straight average. The result still shows enhanced ε south of the constriction by about a factor of 2 ("#" in Figure 9c ).
With respect to the fortnightly cycle, both areas 2 and 3 are biased toward spring tides, the bias being stronger in area 2 than in area 3. In order to further explore a possible bias with respect to the maximum of dissipation south of the GWB, the data of regions α and β were re-stratified as function of tidal amplitude, into ζ SD ≤ 0.65 m and ζ SD > 0.65 m, marked "n" and "s," respectively, in Figure 9c . The enhancement of ε south of the constriction by factors of 2-3 occurs in both cases. As expected, ε was smaller during neap tides than during spring tides. In summary, we conclude that the enhanced mixing south of the minimum in river cross section at the George Washington Bridge is robust and significant with respect to temporal variability. b. Hydraulic Effects Chant and Wilson (2000) discuss how shear in the Hudson is enhanced near the constriction at the GWB during ebb tide, when the flow tends to be supercritical, but not during flood tide, when the flow is subcritical. In our notation, with y as the streamwise coordinate, the slope of the halocline in two layer flow is given by (1 − G 2 ) .
Here, B(x, y) is the channel width, g is reduced gravity, and v 1 and v 2 are the upper layer and lower layer streamwise velocities, respectively. With upper and lower thicknesses h 1 and h 2 , the composite Froude number is G = v 2 1 g h 1 + v 2 2 g h 2 , while F 2 is the corresponding lower layer Froude number. Equation (1) shows that, for supercritical flow, G > 1, the thermocline is depressed at a constriction. Both layers flowing seaward, the upper layer faster than the lower layer, the flow in the latter has to accelerate because it encounters a reduced cross section. Hence the difference in layer velocities becomes smaller upon entering a constriction. The shear tendency can also be directly diagnosed by forming a (y, z) vorticity equation from the steady state, inviscid, streamwise momentum equation and the spanwise, averaged continuity equation. A corrected version of their incorrect Equation (8) 
with density ρ. Vertical shear is assumed to be independent of z, and u and w are assumed to be independent of x. Ebb flow implies v < 0 as well as ∂v/∂z < 0, and ∂B/∂z > 0 always holds. As the flow enters the constriction, we have ∂B/∂y > 0, and the halocline is suppressed, such that w < 0. Further, the density gradient reverses from its normal sign to ∂ρ/∂y > 0. Hence, ∂/∂y (∂v/∂z) becomes negative when the flow enters the constriction, and the magnitude of the shear decreases correspondingly. Similarly, after leaving the constriction, ∂B/∂y, w and ∂ρ/∂y all change sign relative to the above, and the shear magnitude increases correspondingly.
Without graphical illustration it is noted that the full 1994/95/2000 data show variations of N 2 which do not appear to be attributable to bathymetric variations, while the grand average squared shear exhibits minima near the two constrictions in the river cross section at latitudes 40.826
• N and 40.852
• N. The resulting gradient Richardson number is represented in Figure 9b by the median of its distribution, a simple and robust statistical measure. The median of Ri during late ebb shows maxima at or just south of both constrictions, and a decrease of median Ri extending south (seaward) of both constrictions over distances of ∼ > 2 km. The median Ri of the complete data follows this pattern only at the more northerly, more significant constriction near the GWB. Our observations of shear and Ri thus qualitatively follow Chant and Wilson's (2000) diagnosis. Their prediction of enhanced mixing associated with reduced Ri seaward of the constriction at the GWB also holds true as seen in Figure 9 and as discussed in the previous subsection. The seaward decrease in median Ri in region α is paralleled by a maximum in ε. The tendencies in shear, Ri and ε discussed above can also be clearly seen in synoptic streamwise ebb-tide sections shown in Figure 19 of P99 and, with the exception of ε, in Figures 4 and 5 of Chant and Wilson (2000) .
Conclusions
Following is a brief summary of the principal findings.
1. The probed 15 km stretch of the Hudson River estuary was vigorously mixing with surprisingly small streamwise variations of average dissipation rates.
2. Mixing was enhanced by a factor of 2-3 in a 2 km stretch seaward of the George Washington Bridge, where the river cross section narrows and where the river takes a modest bend. This feature is statistically significant but it carries limited weight within the average mixing along the entire 15 km stretch of the river.
3. The area of enhanced mixing is qualitatively consistent with the enhanced shear and reduced Ri predicted by inviscid hydraulic theory for supercritical ebb flow.
Some caveats need to be discussed. This study assumes spanwise variations of flow and mixing to be unimportant. This is consistent with the extensive 1994/95 data, but it has not been tested for the region of significant secondary, spanwise circulation south of the George Washington Bridge (Chant and Wilson, 1997) . More importantly, studies of dye dispersion by Geyer, Chant and Houghton (personal communication 2001/02) indicate the importance of the interplay of secondary, spanwise circulation, vertical shear and mixing, and streamwise advection. In the region of dye injection north of the George Washington Bridge, strong vertical transport of the dye took place on the shoaling western side of the river where the halocline intersects with the bottom. It is not clear how much of this regime was captured in this study restricted to water depths exceeding about 10 m. Our results hold for the deep channel around the thalweg.
Another caveat concerns the sampling of the "estuary space," the range of forcing factors given by tidal variability, river flow and external forcing of the estuary from New York Bight. P99 shows that the straight section of the Hudson River south of the GWB was sampled through a significant part of estuary space, while this is not the case for the vicinity of the GWB. The strength of the "hydraulic" enhancement of mixing probably varies over the extent of the estuary space, and the result presented herein should not be taken as a climatological average.
The topic of hydraulics versus mixing deserves further discussion. Inviscid two-layer hydraulic theory results in qualitatively correct predictions concerning shear and mixing as outlined above. The theory cannot be applied quantitatively, however. Considering region α in Figure 9 , for example, we see a continuing southward decrease of median Ri while the cross section also decreases, contrary to inviscid hydraulics represented by (1). The reason for this failure is the neglect of viscous effects. Hydraulic theory is largely built on energy considerations, with ordinary inviscid hydraulics neglecting dissipation. In reality, dissipation is a first order term in the energy balance of most flows in shallow waters. This fact was explicitly shown for the Hudson River in PB00. Pratt (1986) discusses a hydraulic model of two layer flow with bottom stress for flow over a sill in a channel of constant width. The bottom friction leads to a shift of the controls and of the subcritical flow region downstream of the constriction. Such a shift, if applicable to the different geometry of the Hudson case, leads to better agreement between theory and observation than for the inviscid theory. Similarly, when bottom friction is included in the numerical model of Winters and Seim (2000) for exchange flow through a lateral constriction, the flow differs strongly from the case of no bottom friction.
In summary, the Hudson River estuary exhibits elements of a viscous-advective-diffusive balance, mixing intensely all along its thalweg, and simultaneously it displays a moderate hydraulic response to a moderate bathymetric feature. Models of the estuarine flow thus have to combine aspects of hydraulics and VAD concepts. Most critically, there is an urgent need for a turbulence closure that realistically parameterizes mixing in strongly stratified and strongly sheared flows with widely varying gradient Richardson numbers. One of the objectives of turbulence measurements, such as those presented herein, is to provide a data basis that allows highly discriminative tests of turbulence closures. Such tests based on turbulence observations have only begun to be explored and have yet to converge toward common conclusions (Simpson et al., 1996; Burchard et al., 1998; Stacey et al., 1999; Simpson et al., 2002; Peters et al., 2002) .
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